Eight large-scale reinforced self-compacted engineered cementitious composite (R-SC-ECC) beams with different steel reinforcement ratios have been designed, prepared, cast, cured, and tested to failure at the age of 28 days. The experimental results have been compared with theoretical values predicted using EC2, RILEM, and VecTor2 models. Results show that failure modes in flexure and shear of R-SC-ECC beams are comparable to that of normal reinforced concrete beam. Nevertheless, contrary to VecTor2, models of EC2 and RILEM are not suitable for predicting reasonable ultimate moments for the beams, while results using VecTor2 model have successfully predicted the failure modes and load-deflection curves for all R-SC-ECC beams. It has been concluded that R-SC-ECC fall in the category of ductility class medium to high which gives advantages of using R-SC-ECC beams in regions susceptible to seismic activities.
Introduction
The structural applications for plain concrete are limited due to its low tensile strength, low strain capacity, and brittle behavior. Therefore, steel bars have been introduced to resist the tensile stress and achieve ductile behavior of reinforced concrete (RC) element, and, consequently, RC has become a dominant construction material. However, in some structural applications, such as link slab for jointless bridge deck, connection joints, slabs under indentation load, and RC elements subjected to seismic loading, high steel reinforcement ratio is required [1, 2] . This led to unnecessary stiffening of the RC elements and also causes difficulties in proper compaction of fresh concrete around steel bars during concreting which in turn adversely affects the RC composite action. Therefore, fibers have been added to concrete to increase tensile strength and strain capacity and also improve ductility, which subsequently reduces the steel reinforcement ratio in RC elements. To attain tensile elastic-strain hardening behavior accompanied by multiple cracks, high performance fiber reinforced cementitious composites (HPFRCCs) containing 4% to 20% fibers have been developed [3] . However, researchers reported problems of HPFRCCs such as poor workability, less homogeneity, and fibers balling occurrence [1, 2] . Engineered cementitious composite (ECC) is a special class of HPFRCCs [4] . Unlike HPFRCCs, ECC requires much lower fibers, not greater than 2% volume fraction of polymeric fibers for comparable mechanical properties. ECC has high tensile strength from 4 to 6 MPa [4] and large strain capacity between 3% and 5% [5] and also exhibits high ductility by optimizing the microstructure of the composite [6] . In addition, ECC has the ability to confine crack width up to an average of less than 60 microns up to failure [7] . Further details on ECC properties and behavior have been reported by other researchers [8] [9] [10] [11] . On the other hand, self-compacted concrete (SCC) is nonsegregating, nonbleeding, and highly cohesive concrete [12] . It has super fluidity that enables it to fill the formworks by its gravity completely, achieving adequate consolidation and encapsulating reinforcement 2 Advances in Materials Science and Engineering without external mechanical compaction [13] . Other advantages have been also reported on using SCC; for example, it requires a smaller number of workers in pouring concrete and it has reduced noise level associated with vibrating of normal concrete, better durability, time-saving property, and better quality [12] [13] [14] . Therefore, the main objective of the work presented in this paper is to investigate the structural behavior of large-scale reinforced self-compacted engineered cementitious composite (R-SC-ECC) beams. Theoretical models such as Eurocode2 model for high strength concrete, RILEM model for fiber reinforced concrete, and finite element VecTor2 model have been investigated as well. Theoretical values have been compared with the experimental results to evaluate their suitability and accuracy in predicting the structural performance of R-SC-ECC beams.
Experimental Works
Eight large-scale R-SC-ECC beams were prepared, cast, cured, and tested up to failure at the age of 28 days. All beams have a rectangular cross section of 150 mm breadth and 300 mm height, with a total span length of 2600 mm and effective span (center to center of supports) of 2300 mm.
Mix Proportions.
To improve quality of hardened ECC and also create a better working environment, self-compacting ECC (SC-ECC) has been developed. The necessity of using SC-ECC is to ensure the flow ability of the ECC under its own weight in narrow steel-congested sections. This is important to avoid bleeding and segregation of fresh ECC and also to ensure optimum bonding with steel bars and honeycomb free of hardened ECC. As shown in Table 1 , a mix proportion of SC-ECC has been selected and prepared in accordance with the requirements of ACI committee 211.2-98, while the mixing procedure is described by Mohammed et al. [6] . To assess the fresh properties of the SC-ECC, four tests have been conducted: slump flow, 50 cm slump flow, Vfunnel, and L-box. Test results are shown in Table 2 ; the ECC mixture has fresh properties satisfying the self-compacting requirements as shown in Table 3 . Samples of the SC-ECC have been prepared, cast, cured, and tested at the age of 28 days to determine the hardened properties as shown in Table 4 . Experimental setup for the flexural, compression stress-strain, and direct tensile tests can be seen in Figures  1, 2 , and 3. In addition, the air dry density has been found to be 2204 kg/m 3 . 
Test Specimens.
In reinforced concrete (RC) design, concrete tensile strength is assumed as zero; therefore, all tensile forces (below neutral axis of the section) are to be resisted by steel reinforcement in tension. This assumption is true for normal concrete which usually has very low tensile strength. However, fiber reinforced concrete has a more significant value of tensile strength. ECC is a special type of fiber reinforced concrete and exhibits property of steel-like behavior. With the increase of using reinforced ECC components in construction industry, it is important to evaluate the suitability of fiber reinforced concrete (FRC) design models to be used in the design of reinforced ECC members. To achieve this objective, eight large-scale reinforced SC-ECC beams have been designed, prepared, cast, cured, and tested up to failure at the age of 28 days. In view of a single variable as steel reinforcement ratio, all beams have the same cross-sectional area with dimensions of 150 mm width and 300 mm overall height. In this study, the required longitudinal steel reinforcement was determined according to the requirements of EC2 (Section 9.2.1.1). The area of longitudinal steel reinforcement provided in each beam is greater than 112.4 mm 2 and is not less than 54.6 mm 2 , which is the minimum area of steel reinforcement and is less than the maximum area of steel reinforcement, 1800 mm 2 . Variations of steel reinforcement ratio ( ) were taken based on the amount of longitudinal steel reinforcement utilized. The steel reinforcement details of beams are shown in Table 5 . To support the aim of this study, fiber-full fraction ECC section along the beam has been utilized, while steel reinforcement ratio ( ) was varied. This is to obtain the effect of various steel reinforcement ratios against ultimate moment capacity, load-deformation relationship, and ductility ratio. The ultimate moment capacity of R-SC-ECC beams was investigated using different design models to achieve an appropriate design model in the designing of reinforced ECC beams.
The shear span ( ) and concrete cover are kept constant as 766 mm and 20 mm, respectively. Shear design has been carried out in accordance with the requirement of EC2 and shear links are placed along the beam. Closed 8 mm diameter link has been used with spacing of 60 mm center/center to accommodate the shear requirement.
For each beam, two strain gages have been placed on the main tension bars to measure the tensile strains, while the concrete strain gages have been placed at one side of the beams' surfaces to measure the flexural strains development of SC-ECC during the test. The schematic diagram of the experimental setup is shown in Figure 4 . The R-SC-ECC beams have been tested as simply supported using fourpoint flexural arrangement and constant loading rate of 0.1 kN/sec up to failure. Linear Variable Differential Transducers (LVDTs) have been positioned at the soffit of the beams to measure deflections.
Results and Discussion

Ultimate Moment Capacity.
Moment capacity of the beam is the ultimate design moment that brings the beam to the maximum point. Various design codes adopt different safety factors in calculating the moment capacity. However, for normal reinforced concrete, tensile strength of concrete below neutral axis of the equivalent-rectangular stress block is assumed as zero. Therefore, the tensile concrete is negligible and only steel reinforcement in tension is supposed to resist the applied tensile forces, while, for reinforced-fiber reinforced concrete (R-FRC), both reinforcement and FRC are supposed to resist the applied tensile forces as shown in Figure 5 . The moment capacity of FRC with ordinary reinforcing bars according to RILEM stress-strain relationship can be computed using
where is the area of tension steel reinforcement, is the yield strength of steel reinforcement, d is the effective depth of the section, is the depth of the neutral axis, = 1 , 1 is the coefficient of compressive stress block, is tensile strength of FRC, ℎ is the overall height of the section, is the internal lever arm and is equal to 0.5(ℎ − ) + (1 − 1 /2), and is the width of the section. The EC2 [16] model is shown in Figure 6 . Using ECC with compressive strength of 86.5 MPa, 0.463 = 0.87 , where = 0.71 ; therefore, the ultimate moment capacity is computed using
Under reinforcement beam, the steel reinforcement is yielded if ≤ , where is the depth of neutral axis and is the depth of neutral axis for balance condition. To determine for the R-ECC section ( Figure 7 ), ultimate strain of ECC, 2 = 0.0026 (from Table 3 .1 of the EC2), and yield strain, , for steel bars diameters 10, 12, and 16 mm are 0.00235, 0.00222, and 0.00243, respectively.
Finite element modelling package of VecTor2 [17] has also been used in the analysis of R-ECC beams in this study. VecTor2 is a nonlinear finite element package to analyse two-dimensional reinforced concrete members. It has been theoretically developed and experimentally verified to predict load-deformation response for reinforced concrete elements which exhibit good crack distribution when subjected to short-term static monotonic, cyclic, and reverse cyclic loading. The theoretical bases of VecTor2 are the Modified Compression Field Theory (MCFT) [18] and the Disturbed Stress Field Model (DSFM) [19] , in which analytical models are subjected to normal and shear stresses for predicting the response of reinforced concrete elements. VecTor2 deals with cracked concrete as an orthotropic material with smearing and rotating cracks. MCFT assumes that the rotations of principle stress and strain fields are equal ( = = ), so that the prediction of shear stiffness and strength is always overestimated. DSFM can address the systematic deficiencies of MCFT, where the rotation of principal stress field tends to lag compared with the greater rotation of principal strain field ( < ). Therefore, VecTor2 is an appropriate package for analysing reinforced ECC as it contains concrete, reinforcement, and bond models which can be selected based on trial and error to obtain the most appropriate model. A total of 628 elements have been used in the developing of R-ECC beams model. Three types of elements have been utilized, which are 264 rectangular elements, 216 triangular elements, and 148 truss elements, with total nodes of 439.
As shown in Table 6 and Figure 8 , the ratios of ultimate moment using VecTor2 model to experimental results are closer to 1 compared to RILEM and EC2 models. This is due to the ability of VecTor2 model to accommodate the actual properties of ECC which contributes to the accurate prediction of R-ECC beams behavior. RILEM model conservatively predicts the ultimate moments of R-ECC beams for small steel reinforcement ratio up to 0.752, while for higher ratios the model underestimates the moments. This is due to the increase in the steel reinforcement ratio which leads to the increase of as well, which leads to a decrease in the ECC tensile force ( , ) as shown in
However, EC2 model has failed to predict reasonable moment capacity due to negligence of tensile strength of the ECC as the model assumes that tensile strength of ECC is equal to zero.
Failure Modes and Crack
Pattern. Two failure modes have been observed from testing R-SC-ECC beams, which are flexural failure for beams B1 to B6 as shown in Figure 9 and shear failure mode for beams B7 and B8 as shown in Figure 10 . In general, the flexural failure of R-SC-ECC beams is comparable to that of normal reinforced concrete beams. Vertical hair cracks first appeared at the constant-moment zone. Due to the test loading increase, hair cracks extended upward and became more inclined toward the center of the beams combined with increasing cracks thickness until main steel bars yielded. The yielding of the steel bars is marked by the beams failure; however, beams continued to resist the applied load until the crushing of ECC occurred in the compression zone [20] . Yielding strain of longitudinal steel reinforcement has been surpassed in beams B1 to B6 as shown in Figure 11 . The general requirement of EC2 is that RC crack width, max , shall be limited so that it does not adversely affect the durability or functioning or appearance of the structure. Therefore, from Table 7 .2N of EC2, the maximum theoretical crack width for beams B1, B2, and B4 is 0.3 mm and for beams B3, B5, and B6 is 0.4 mm. For cracking control, the minimum area of longitudinal steel reinforcement provided in each beam has been satisfied in accordance with the requirements of EC2 (Section 9.2.1.1). However, as shown in Table 7 , flexural crack widths of R-SC-ECC beams at service loads have exceeded the limit. Although all beams have been designed to resist shear forces in accordance with the requirements of EC2, nevertheless, beams B7 and B8 have failed in shear. As shown in Table 6 , the differences in ultimate moments between values predicted using EC2 guidelines and experimental values increase as the steel reinforcement ratio increases. This is due to the fact that EC2 models are neglecting tensile strength of SC-ECC and, therefore, are unable to predict the accurate tensile force in tension zone.
The shear span to effective depth ratio ( V / ) is 2.79 in this study. The failure mode of beams B7 and B8 is classified as shear failure mode and identified as a diagonal tension failure which is comparable to normal reinforced concrete failure [21] . The initial bending crack becomes inclined at early loading stage and propagates slowly to the loading point and then extends along the tension steel bar. The failure has occurred due to destruction of the bond between the tension steel and the concrete as shown in Figure 10 . The tension reinforcement steel does not reach the yield values as indicated in Figure 11 .
As long as the ECC in the compression zone has not reached the maximum compressive strain, the moment capacity of R-SC-ECC beam increases as steel reinforcement ratio increases. For beams B7 and B8 (with higher steel reinforcement ratio), flexural moment capacity had been 6 Advances in Materials Science and Engineering increased which consequently led to an increase in shear stress. However, these beams failed in shear as the shear reinforcement was kept constant throughout the beams. The stress flow and map cracks at failure of the R-SC-ECC beams have been developed using VecTor2 FEM analysis.
The stress flow and map cracks for beams B1-B6 and B7-B8 are shown in Figures 12, 13 and 14, 15 , respectively. The VecTor2 FEM analysis results are in good agreement with the experimental results. For beams B1 to B6, the stress flows and cracks occurred in constant-moment zone dominantly (Figures 12 and 13) , while, for beams B7 and B8, the stress flows and cracks occurred in the shear zone as well and were more concentrated (Figures 14 and 15 ).
Ductility Class for R-SC-ECC.
Ductility is the ability of structural component to undergo large deformations beyond yielding point without breaking [22] . In this study, ductility of R-SC-ECC beam is the area under the load-deflection curve of the beam measured by dividing the final deflection over deflection at yielding point. It is an important feature of reinforced concrete structures as the failure of the beam will be gradual and gives signs of failure. Eurocode8 has specified three ductility classes, : low class with behavior factor less than 1.5, medium class with behavior factor between 1.5 and 4, and high class with behavior factor greater than 4. The ductility class, , can be computed from
where is the maximum load and is the yield load. However, as the test is a static test, therefore the ductility class is equal to the ductility ratio , whereas the ductility ratio is equal to the ratio of the deflection at final failure to deflection at yielding . The load versus deflection curve for each R-SC-ECC beam is shown in Figure 16 and the ductility ratio for beams has been computed as shown in Table 8 . For beams B1 to B6, in which the beams failed in flexure mode, at lower steel reinforcement ratio (up to 0.558), beams exhibited middle ductility and fell in the range of ductility class medium with ductility ratio higher than 1.5. Nevertheless, the beams that have higher steel reinforcement ratio (larger than 0.752 and less than 1.986) showed ductility ratio greater than 4, which classifies them as ductility class high. Eurocode8 suggests that, in regions with medium to high seismic activities, beams with ductility class medium to high can be used. This is necessary to ensure that the beams have the ability to absorb energy. Although beams B7 and B8 failed in shear, nevertheless, these beams exhibited good ductility ratios, which are 1.83 and 2.26, respectively. It is worth noting that B7 and B8 are categorized as ductility class medium. This is due to ECC ductility superiority compared to normal concrete, in which tailoring of ECC (mechanical interactions between the fibers, matrix, and interface) can provide good performance even if the cracks' width is wider (Li [23] ). In this study, it was found that the optimum ductility has been achieved by beam B6 with steel reinforcement ratio ( ) of 1.49.
Advances in Materials
The behavior of ECC structural elements has been investigated and elaborated [6, [24] [25] [26] [27] . In this study, superiority of ECC can be proved compared to normal concrete such as behavior of ECC in direct tensile test and compression stressstrain test as shown in Figures 17 and 18 , respectively.
According to this investigation, ECC has high tensile strength of 4.87 MPa (2.44-fold higher compared to normal strength concrete) and its strain capacity is larger by 545% compared to normal strength concrete (NSC). ECC exhibits strain hardening and its descending curve is quite smooth (softening) after postpeak condition, whereas compression stress-strain curve of ECC exhibits an ascending pattern at prepeak condition with smaller tangential angle compared to VecTor2 prepeak models due to lower elastic modulus of 22 GPa for ECC. Based on ACI provision (2008), ECC was categorized as high strength concrete (HSC), in which ECC has compressive strength of 86.5 MPa. Unlike ECC, elastic modulus of HSC is usually greater than 24 GPa and exhibits sudden and explosive crushing. Nevertheless, due to the strong bonding between fibers and cementitious matrix, the peak condition of ECC is always attained on slow pace and the ECC crushing is always marked by bulging behavior. The ECC behavior is specific and rather different compared to available VecTor2 prepeak models. Basically, the compression stress-strain curve of VecTor2 prepeak models is based on elastic modulus of larger than 24 GPa, even though it utilizes Popovic-HSC models. In this study, all available prepeak models of VecTor2 have been investigated and ECC properties (experimental results) have been utilized to simulate the most appropriate model. Therefore, load-deformation curves of R-SC-ECC beams exhibit smaller tangential angle compared to curves obtained from VecTor2 analysis as shown in Figures 20 and 21 .
As indicated in the previous sections, RILEM and EC2 models are not suitable for predicting ultimate moments for R-SC-ECC beams. However, VecTor2 FEM analysis results showed good agreement in predicting the ultimate moments capacities and cracks patterns. To evaluate further the suitability of the VecTor2 FEM analysis, load versus deflection for all beams has been created as shown in Figure 19 and the predicted ultimate loads have been compared with the experimental values as shown in Table 9 . The predicted ultimate loads using VecTor2 FEM analysis have shown good agreement with the experimental ultimate loads values.
Comparisons of experimental results with VecTor2 analysis at load-deflection relationships for R-SC-ECC beams The behavior of the postpeak models becomes comparable to the experimental results after the models reach the maximum stage up to final failure. The predicted ultimate loads and final deflections by VecTor2 are in good agreement with the experimental results as shown in Table 9 Therefore, to obtain reasonable structural behavior of R-SC-ECC, VecTor2 is an appropriate package as it contains concrete models, reinforcement models, and bond models. The concrete models include compression prepeak and postpeak response, compression softening, tension stiffening and softening, tension splitting, confined strength, and crack, whereas reinforcement models include hysteretic response, dowel action, and buckling.
Conclusions
The following conclusions can be drawn from this study:
(1) The flexural and shear failure modes for R-SC-ECC beams are comparable to failure modes of normal reinforced concrete beams. (2) Predicting the ultimate moments of R-SC-ECC beams using EC2 models yields very conservative results due to neglecting tensile strength of SC-ECC in the computing of ultimate strengths.
(3) RILEM models are suitable for predicting ultimate strength of R-SC-ECC beams with small reinforcement ratios. However, as reinforcement ratio increases, RILEM models will yield results that are more conservative.
(4) Finite element models using VecTor2 package have successfully predicted the structural behavior of R-SC-ECC beams including failure modes, ultimate moments, failure loads, and deflections.
(5) R-SC-ECC beams exhibit ductility class medium to high. Therefore, ECC is very suitable for regions with seismic activities as ECC has the ability to absorb energy.
